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Abstrat. Miroquasars are areting X-ray binary systems with non-thermal radio jets. In some of these systems
the jet is expeted to be strongly misaligned with the perpendiular to the orbital plane. If the donor star is
an early-type star, the jet ould ollide with the stellar wind produing a standing shok between the ompat
objet and the stellar surfae. Relativisti partiles injeted by the jet an be re-aelerated and isotropized at
the olliding region. If the jet has hadroni ontent, TeV protons will diuse into the inner, dense wind leading to
gamma-ray and neutrino prodution from interations with the matter of the wind. In the ase of very powerful
jets, the wind pressure an be overbalaned and the jet might impat diretly onto the stellar surfae. We present
estimates of the gamma-ray and neutrino luminosities for dierent sets of parameters in these senarios and we
briey disuss the eets of this radiation on the donor star and its detetability with urrent instruments.
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1. Introdution
Miroquasars (MQs) are areting X-ray binary systems
that have shown persistent or episodi non-thermal jet-like
ejetions (Mirabel & Rodrguez 1999). It is believed that
a signiant fration of all areting blak hole (BH) and
neutron star (NS) X-ray binaries are likely to exhibit MQ
behavior at some epoh during their lifetime. Although it
is not observationally required, the jet axis and the or-
bital plane of a given MQ system are usually assumed
to be approximately perpendiular. However, Maarone
(2002) has shown that the timesale for the BH spin to
align with the orbital angular momentum in binary sys-
tems is often longer than the lifetime of the system it-
self. Additionally, tidal eets upon the disk an indue
a preession whih ould result in a severe misalignment
(e.g. Larwood 1998, Kaufman et al. 2002). Preession and
strong inlination of the jet an also be the result of the
radiative warping of the inner aretion disk (e.g. Wijers
& Pringle 1999, Ogilvie & Dubus 2001) or might be due
to spin-spin interations (e.g. Bardeen & Petterson 1975,
Sarazin et al. 1980). Observationally, there exists sugges-
tive evidene for jet misalignments with the normal to the
orbital plane in wind-fed areting BHs. For instane, the
jet axis lies at no more than  35 degrees from the orbital
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plane in V4641 Sgr (see Butt et al. 2003 and referenes
therein). Other systems like SS 433, LSI +61 303, and
Cygnus X-3 are known to have preessing jets (see Katz
1980, Massi et al. 2004, and Mioduszewski et al. 2001,
respetively). Preessing jets have been also suggested in
the ase of Cygnus X-1 (Romero et al. 2002).
In this paper we will onsider the situation of a mis-
aligned MQs with its jet lying lose to the binary plane
and being periodially direted straight to the ompanion
star. Suh a situation seems not to be unlikely. Butt et
al. (2003), for instane, have onsidered the indued nu-
leosynthesis that should our on the stellar surfae as a
onsequene of the jet impat in suh systems. Here, we
will show that in the ase of an early-type ompanion star,
the jet, under some onditions, ould not reah the stellar
surfae sine it is balaned by the strong stellar wind.
However, another interesting feature appears: a strong
shok is formed between the ompat objet and the star
and protons injeted by the jet an be re-aelerated and
isotropized there. The most energeti of these protons then
diuse through the inner wind produing gamma-rays and
neutrinos through p+p  ! 
0




On the other hand, very powerful jets an overome the
pressure of the wind and diretly impat on the star. In
suh a ase the jet energy is dissipated through hadroni
and eletromagneti asades that develop in the stellar
atmosphere. No ontinuum gamma-ray soure above MeV
energies is expeted in this ase, but a signiant ux of
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high-energy neutrinos goes through the star. In what fol-
lows we haraterize the general physial situation and es-
timate the gamma-ray and neutrino output of these sys-
tems, under a variety of onditions. The results will be
of interest for urrent ground-based TeV gamma-ray tele-
sopes and future satellites for MeV-GeV gamma-ray as-
tronomy, as well as for km-sale neutrino detetors.
2. Jet-wind interation
In order to make spei alulations we will onsider a
misaligned MQ with a high-mass ompanion. The jet axis
is assumed, for simpliity, to be parallel to the orbital
radius a, and pointing toward the massive star of radius
R
?
. As in Romero et al. (2003), we onsider an expanding
onial jet, i.e. the radius of the ross-setion is R
j
(d) =
d =2, where  is the opening angle of the jet (in radians), d
is the distane from the ompat objet, and r is the radial
oordinate with origin at the enter of the star (d = a r).
Assuming adiabati expansion, the magneti eld inside
















is the distane from the jet's apex to the om-







gravitational radius of the areting star.
In order to determine the kineti power of the jet we
will adopt the jet-disk oupling hypothesis proposed by
Falke & Biermann (1995) and applied with suess to










. We will assume that relativis-
















is the proton in-
jetion rate, m
p
the proton mass, and 
bulk
is the bulk
Lorentz fator of the ow. The presene of relativisti
hadrons has been inferred from iron X-ray line observa-
tions for the ase of SS433 (e.g. Kotani et al. 1994, 1996;
Migliari et al. 2002). Although diret and lear evidene
exists only for this soure so far, several models assume
a hadroni ontent for the jets of some MQs (see Romero
2004 and referenes therein).
The high-mass ompanion star loses a signiant fra-
tion of its mass through a very strong supersoni wind, and
then the mass transfer ours mainly through this stellar
wind. To ensure that there is no Rohe lobe overow the





, where the Rohe radius an be expressed
in good approximation as
R
L














are the masses of the primary massive star and the
ompat objet, respetively.
Typial mass loss rates and terminal wind veloities









, respetively (Lamers & Cassinelli 1999). The














is its veloity; v
1
is the terminal wind veloity,
and the parameter  is  1 for very massive stars (Lamers
& Cassinelli 1999). Hene, assuming a gas dominated by











The pressure exerted by the stellar wind at a distane


























. The magneti eld of the
star an be represented by the standard magneti ro-
tor model (Weber and Davis 1967; White 1985; Lamers


























tional veloity at the surfae of the star (Conti & Ebbets
1977), and B
?
is the orresponding stellar magneti eld.
If the jet propagates with an opening angle , at a
distane d from the ompat objet the ram pressure of











As shown by Bednarek & Protheroe (1997) for the ase
of AGN's jets, a strong stellar wind an stop the jet ow
before it an reah the stellar surfae. The interation re-
gion will be formed by a ontat disontinuity and two
quasi-parallel shoks, one propagating bakwards through




where the shok front will form an be
obtained by equating the expression for the jet pressure to
the expressions given in Eqs. (5) or (6). The loation of the
double-shok struture will be determined by the spei
parameters assumed for the jet and the stellar wind. As an
example, we will work out the details of a family of models
sharing the parameters listed in Table 1. For these values,




and there is no Rohe lobe
overow.
With this set of basi parameters, the ram pressure of
the jet an not be balaned by the wind when q
j
> 0:006.
Above this value, however, the magneti pressure an still




, a magneti eld of
B
?
 200 G is neessary to form a terminal shok front for
the jet in the wind region. Early-type stars an support
surfae magneti elds of even  10
3
G as reported by
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Donati et al. (2002). In order to study systems where the
jet is balaned by the wind, we will assume dierent val-
ues for the stellar magneti eld and the jet power. After
disussing these systems we will turn to MQs with very
strong jets in Setion 6.
Table 1. Basi parameters assumed for the model
Parameter Symbol Value













Opening angle of the jet  5
Æ
Bulk Lorentz fator 
bulk
10































Wind veloity index  1
EÆieny of the shok  0.1










3. Partile re-aeleration and diusion
The shoks generated by the interation between the rel-
ativisti plasma in the jet and the stellar wind an ael-
erate partiles by Fermi mehanism. For aeleration at a
parallel shok we an write the aeleration rate as (e.g.





= ZeB; with  ' 0:015(u=)
2
; (8)
where u is the shok veloity and all values are in gs
units.
The highest energy gained by the partiles in the pro-
ess is imposed by the dierent energy losses (synhrotron
emission, pp interations and photopion prodution) or by
the available spae in the aeleration region. For the pa-
rameters onsidered in this paper the dominant energy
loss is due to pp interations with the stellar wind mat-
ter that pervades the aeleration region. For a relativisti
proton (E > 1:22 GeV) this energy loss an be estimated

















) is the partile density of the wind lose to the
shok front, and 
pp
is the inelasti ross setion for pp
interation at the energy E. The maximum energy for the



























We shall adopt u= = 0:1 for the sub-relativisti shok
and u= = 0:5 for a relativisti ase. For the former E
max
p
is determined by the losses, whereas in the seond ase it
is xed by the size onstrain, i.e. the maximum gyroradius
for a proton is  (a R
?
).
The resulting proton spetrum from the diusive a-
























The index   is  2 for a strong non-relativisti shok and
 1:5 for a relativisti shok (e.g. Protheroe 1998).
Some fration  of the energy transported by the
jet will be transferred to the partiles aelerated at the
shok front. We will assume here an eÆieny of  = 0:1
(Blandford & Ostriker 1978). Then, the onstant K
 
in



















The resulting population of relativisti protons will dif-
fuse through the stellar wind, but not all of them will
penetrate up to the densest parts where the probability
of pp interations is higher beause of the modulation ef-
fet of the wind (Romero & Torres 2003, Torres et al.
2004). Whether the partiles an reah the base of the
wind or not is given by the ratio () of the diusion and







= 3r=v(r), respetively. Here D is the diusion oeÆ-









is the mean-free-path for diusion in the radial
diretion. Only partiles for whih  < 1 will be able to
overome onvetion and enter the dense wind region to
produe -rays through pp interations.
The value of the diusion oeÆient is of ourse not
well-known, espeially for suh a omplex and turbulent
medium as the wind of a massive star. Following White
(1985) we will make use of the approximation given by
Volk and Forman (1982), assuming that the mean-free-





= 10E=eB, where r
g
is the proton gyro-
radius and E the proton energy. The value of  in the



























From Table 1 the Lorentz fator of the jet is  10 and then
those protons at the lower energy tail of the o-moving partile
energy distribution (for whih the mirosopi Lorentz fator
is  1) are injeted at the shok with energies  10 GeV.
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(r) below whih the partiles are taken away by on-
vetion in the wind (see the expliit expression for  in the






) as the minimum energy of a proton aelerated
at the shok front to ollide with a proton of the inner
wind.
4. Gamma-ray prodution
We an now proeed to alulate the 
0
gamma-ray lumi-
nosity from the inner wind. The dierential -ray emissiv-
ity from 
0































is the so-alled spe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(x) is the dimensionless inlu-
sive ross setion (Gaisser 1990, p.31) . The parameter 
A
reets the ontribution from dierent nulei in the wind











) is the proton
ux distribution evaluated at E = E

(units of protons
per unit time, solid angle, energy-band, and area).

















for the neutral pions (e.g. Ginzburg & Syrovatskii, 1964),
an be represented above E
p
 10 GeV by the expres-
sion given in Aharonian & Atoyan (1996). Typially, at 1
TeV, 
pp





) is a Heaviside
funtion that takes into aount the fat that only pro-





) will diuse into
the densest part of the wind. The spetral -ray intensity












where V is the interation volume. The generated lumi-






















(see, e.g., Romero et al. 2003 for details).
In order to estimate the -ray luminosity that ould
be produed in the jet-wind interation of a misaligned
MQ with a high-mass ompanion, we have xed the pa-
rameters that desribe the geometry of this senario for
a standard ase (Table 1). Note that the radius of the
star holds a  26
Æ
:5 angle as seen from the ompat ob-
jet, so the star lls  10:5% of the ompat objet's sky.
We have alulated the luminosity in high-energy photons
for dierent jet-disk oupling values (q
j
), and for dier-






). The most eetive partile
aeleration ours at the relativisti plasma. We have
onsidered a sub-relativisti strong shok that leads to
a spetrum with    2 and a mildly relativisti shok
with u = 0:5 (   1:5). Table 2 haraterizes (in the
rst three olumns) a number of spei models, ordered
by dereasing jet power, and then gives the loation of
the shok front, the maximum and minimum energy for
protons penetrating into the base of the wind, and the
integrated gamma-ray luminosities generated for the sub-
relativisti and the relativisti ases of partile aelera-
tion.
The spetral high-energy distributions for some of the




















=20. The obtained isotropi








High-energy gamma rays an be absorbed in the stel-
lar photon eld through pair prodution, and then inverse
Compton emission from these pairs an initiate an e

-pair
asade. This eet has been studied in detail by Bednarek
(1997, 2000) and more reently by Sierpowska & Bednarek
(2005). Figure 2 shows the 

opaity of the stellar pho-
tosphere to gamma-ray propagation as a funtion of the
gamma-photon energy and the distane r from the star
where it is reated. This opaity, for a photon moving ra-
dially from the massive star, an be roughly omputed,
































is the energy of the photons emitted by the star,
E











ross setion for photon-photon pair prodution (e.g. Lang
1980). The stellar photon distribution is that of a blak-


































the advane of the asades after the pair reation. We
have estimated that gamma-rays with energies below 
10
12
eV will be mostly absorbed, triggering IC asades.
More energeti photons (> 10 TeV) will esape. The re-
sult will be a soft spetrum at GeV energies (Bednarek &
Protheroe 1997) and a peak at high energies (Figure 1).









) may be derived from
the spetral -ray intensity by imposing energy onserva-
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Table 2. Some results about the high-energy photon emission in misaligned MQs. The A, B, C letters naming the model



























































































Fig. 1. Spetral high-energy distribution at TeV energies from the jet-wind interation in a misaligned MQ. The left panel
orresponds to   = 2, and the right to   = 1:5 (see text). The dashed lines orrespond to the prodution spetra whereas the
solid lines represent the absorbed spetra.







minimum (maximum) energy of the photons (neutrinos)
and C is a numerial onstant of order one (i.e. the to-
tal neutrino luminosity produed by the deay of harged
pions is a omparable quantity with that of the photons
L






























for the dierent models are listed
in Table 3.
The neutrinos are produed in the inner wind around
the star. A fration of them, whih will depend on the
spei geometry of the system, will be interepted by the
star. The star, in turn, an absorb some of these neutri-
nos. We have estimated the neutrino energy deposition
rate 

(see Gaiser et al. 1986) inside the star. The results
onrm that no eets of neutrino heating will be observ-
able during the stellar lifetime. This fat is expeted sine
only a small fration of the power of the jet is direted














of the luminosity of the star.
Although the neutrino emission has no eet upon the
ompanion star, perhaps it ould be detetable at the
Earth. If the distane to the system is d
MQ
, the neutrino












). To make some quantitative
estimate we adopt in what follows d
MQ
 5 kp.
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Fig. 2. Stellar photosphere's opaity due to photo-pair reation, as funtion of the -ray energy and the distane from the star,
for a photon moving radially from the massive star. Upper-right: Optial depth for xed values of energy. Lower panel: Optial
















TeV, on a tra-
jetory through the detetor, produes a muon (Gaisser et
al. 1995). T
obs
is the observing time and A
e
the eetive

























































atmospheri -ux (Volkova 1980, Lipari
1993). Using as the integration limits the minimum and
maximum energies detetable by the instrument (i.e. 1-10
5
TeV) we obtain T
obs
for a signal-to-noise ratio S=N = 3.
The results are in all the ases (models A1 to C4) greater
than several thousands years, rendering the detetion im-
pratial with the urrent sensitivity. One again, these
are lower limits, sine the duty yle is not 1. Only in the
ase of very powerful jets with q
j
> 0:1 a detetion might
be possible on human-life timesales. We will disuss this
ase in the next setion.
Table 3. Some results about the neutrino emission in mis-
aligned MQs. Case D1 orresponds to the diret impat of a
jet with q
j

























































6. Powerful jets and diret interation with the
star
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, in the o-moving jet frame. The or-













Sine the jet expands (in a onial way), the proton ux























where n is positive and we assume n = 2 (whih orre-
sponds to the onservation of the number of partiles, see
Ghisellini et al. 1985), and a prime refers to the jet frame.
Using relativisti invariants, it an be proved that the pro-
ton ux reahing the surfae of the star, in the lab frame,























































is the jet Lorentz fator, 
b
is the orrespond-
ing veloity in units of , and we have onsidered protons
with small transverse momentum (hene the lak of de-
pendeny in the partile angle when ompared with the
orresponding expression in Romero et al. 2003).
The number density n
0
0





) an be determined as in Romero et al.















 1 GeV, this




















= 10, and two ases for the proton energy
distribution in the jet
3
:   = 2 and   = 1:5.
The gamma-rays generated by the jet-star interation
will be absorbed by the eletromagneti asades in the





annihilation line. The neutrino ux from
harged pion deays will be signiantly larger than in the
ase of the jet-wind interations. For the density prole of














, in aordane with the adopted
stellar mass.
In the lab frame, the neutrino energies reah  1 TeV,
then only the hard energy tail of the neutrino spetrum
lies in the range of observation of ICECUBE. The neutrino






Notie that these are the original partile distributions in
the jet and not the result of re-aeleration at the olliding




. The neutrino signal on the Earth produes a number
of muons per year of N

= 3:25. This means a detetable
signal at 3-level for an observing time T
obs
 15 years,
in the ase of a soure at 2 kp and a lose alignment of
the jet with the line of sight and a duty yle of 20%.
7. Comments
The type of misaligned MQ disussed in Setion 4 is a
variable gamma-ray soure. For the masses and orbital
radius given in Table 1, the orbital period is  2:5 days.
Sine the star oupies  10 % of the sky of the ompat
objet and there are two jets in the orbital plane, the
expeted duty yle is  20 %. The gamma-ray emission
is ignited twie per orbit, every  30 hours. The soure
remains ative for around  6 hours eah time, sine the
diusion timesale for the aelerated partiles is muh
















203 s for the models onsidered here. All these numbers
will hange, of ourse, from one ase to another depending
on the spei onguration, but in all ases the result
will be a variable soure unless the diusion timesale is
muh longer than the interval between the dierent jet-
wind ollisions.
Beause of the isotropization of the partile ux at the
shok front loated at r
s
the gamma-ray emission will not
be as muh dependent on the viewing angle as in the ase
of pure relativisti jet models (e.g. Romero et al 2003).
Oultation events will our only if the observer lies lose
to the orbital plane. Suh events would be rare sine they
require an alignment among ompat objet, star and ob-
server. The ux, additionally, would not be ompletely
suppressed sine the relativisti partiles diuse around
the entire inner wind.
Sine misaligned MQs an be TeV and (through ele-
tromagneti asades in the stellar photosphere) MeV-
GeV soures, we ould ask whether some of the unidenti-
ed gamma-ray soures deteted by EGRET instrument
might be assoiated with them. There are  20 unidenti-
ed variable soures at low galati latitudes in the Third
EGRET Catalog (Hartman et al. 1999, Torres et al. 2001,
Nolan et al. 2003). Bosh-Ramon et al. (2004) have shown
that they form a distint population with a distribution
onsistent with what is expeted for high-mass MQs. The





at X-rays in the Galaxy is estimated in  380
(Grimm et al. 2002). Only a small fration of them will
have the type of persistent jets neessary to produe de-
tetable gamma-ray soures. Around 20 soures seems to
be a reasonable estimate (Bosh-Ramon et al. 2004). If
the original orientation angles of the jets are randomly
distributed we ould expet that in 10-20 % of these sys-
tems the jet ould be periodially direted towards the
ompanion star (Butt et al. 2003). This means that 2-4
of the variable EGRET soures at low galati latitudes
might be assoiated with misaligned MQs. Hints of peri-
odi variability ould help to identify these soures. Their
main footprints, however, would be a stronger TeV emis-
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sion than what is expeted in normal MQs. Hene, fu-
ture observations with Cherenkov telesopes like HESS,
MAGIC or Veritas might lead to the identiation of these
soures.
8. Conlusions
The jets of MQs an form a small angle respet to the or-
bital plane. In some high-mass X-ray binary systems the
jet ould be direted straight to the ompanion star. We
have shown that in suh a situation the wind of the star
an balane the jet pressure in many ases. A jet-wind
ollision region is formed between the star and the om-
pat objet, with a ontat disontinuity separating both
shoked media. Relativisti partiles injeted by the jet
in the strong shok an be re-aelerated up to very high
energies and isotropized in this region. These partiles dif-
fuse into the inner wind as far as diusion dominates over
onvetion. Gamma-rays and neutrinos an be then pro-
dued in the densest part of the wind. We have presented
alulations of the gamma-ray luminosity, whih might
be detetable through high-energy telesopes. The neu-
trino ux is usually below the sensitivity of km-sale de-
tetors like ICECUBE unless extremely powerful jets are
assumed. Suh jets ould reah the star, triggering as-
ades and produing nuleosynthesis there, as disussed
by Butt et al. (2003). We have also shown that photon-
photon absorption of gamma-rays with energies below 10
TeV an initiate eletromagneti asades in the stellar
photosphere, leading to MeV-GeV soures that might on-
tribute to the population of variable gamma-ray soures
deteted by EGRET at low galati latitudes. Future in-
struments like GLAST will help to unveil the nature of
these soures.
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